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SUMMARY

Model simulator tests of an automatic precession-wheel damping controller for

a spinning vehicle have been made by using an inertial simulator mounted on an air

bearing. The control system provides the necessary control torques through the

use of a spinning wheel_ which provides precession torques. The wheel position

is commanded by an automatic closed-loop servomechanism system which uses rate

gyros to provide the command signals. The results show that this type of control-

ler provides very good wobble damping and also provides the torque necessary to

keep the vehicle spinning on its body axis of symmetry in the presence of a shift

in the principal axes. These tests also show that linear equations of motion pro-

vide a good prediction of the performance of the controller. The tests were made

with the simulator in disk-_ sphere-, and rod-shaped configurations.

INTRODUCTI ON

In reference i a theoretical study was made of a scheme for automatically

controlling the nutation_ or wobble_ motion of a spinning vehicle. The problem

of special interest treated in this study was the problem peculiar to a rotating

manned space station in which the movement of the occupants would cause a change

in the dynamic balance of the station_ by causing the principal axes to shift_

which would result in a wobble motion of the station. In the example given in ref-

erence i_ it was shown that a reasonable change in product of inertia resulted in

a maximum attitude change of 12 ° and a corresponding variation in body-axis rates

of rotation. It was also shown that a spinning wheel used for control could reduce

this motion to a steady 0.5 ° attitude change.

The results of the analytical study of reference I were so encouraging that

further research in the form of tests with an experimental model of the system

were made to provide a more complete check of the theory. The analytical study

included many simplifying assumptions_ of course. These simplifications included

the assumption of perfect servo operation_ the omission of several second-order

terms for rigid-body motion_ and the omission of several second-order effects of

the controller_ such as that due to the inertia of the controller gimbals and all

momentums of the controller mechanism except that produced by the control wheel.



The effects of misalinement and drift of the sensor and unforeseeable nonlineari-
ties in the control system were also neglected. Therefore, tests with a small-
scale dynamic simulator were madeto check these factors.

SYMBOLS

c

H

Hx,Hy,HZ

IX_Iy,Iz

IXy

K

m,n

p,q,r

X,Y,Z

_Y, _Z

displacement of principal axes from body axes, deg

control-wheel momentum, ft-lb-sec

components of control-wheel momentum along X-, Y-, and Z-axis,

respectively, ft-lb-sec

moments of inertia about X-, Y-, and Z-axis, respectively, slug-ft 2

product of inertia, slug-ft 2

damping gain, deg/deg/sec

displacement of body axis of symmetry from reference line in XY-

and XZ-plane, respectively_ deg

rates of rotation on X-, Y-, and Z-axis, respectively, deg/sec

body axes (X-axis is axis of symmetry)

deflections of inner and outer gimbals, respectively, deg

Positive directions are as defined by a right-hand axis system.

DESCRIPTION OF CONTROL SYSTEM AND SIMULATOR

The control torques used in the control system were the precession torques

produced by a spinning wheel. Precession torques arise when a spinning wheel is

forced to rotate about an axis other than its spin axis. A sketch is shown in

figure i of the controller configuration that was used to achieve this type of

application for a spinning vehicle. The control wheel, which spins at a constant

rate, is mounted in a double-gimbal arrangement. The operation of the mechanism

is as follows. When no torque is required, the control-wheel angular momentum

vector H is alined with the spin vector of the vehicle. When torque is requirec

about a particular body axis of the vehicle, the control wheel is rotated on an

axis parallel to that body axis; thereby, a component of the control-wheel angula_

momentum vector is produced along an axis that is perpendicular to both the vehi-

cle spin vector and the vehicle body axis for which the torque is required. This

arrangement of the vectors produces the desired torque. For example (see

fig. l(b)), if a torque is required on the Z body axis, a gimbal deflection 8Z
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is commandedwhich produces the momentumcomponent Hy. Similarly, if a torque
is required on the Y body axis_ a gimbal deflection 5y is commandedwhich pro-
duces the momentumcomponent HZ. The torque produced is a nearly proportional
function of the tilt of the control wheel.

The gimbal deflections are co,handed proportional to rate-gyro signals to
provide damping to the system. A block diagram of the control system used to
achieve this relation is shownin figure i. In somecases, signals from a light
sensor were also used to commandgimbal deflections to provide extra attitude
stiffness to the vehicle momentumvector.

A photograph of the simulator is shownin figure 2, and additional informa-
tion is given in the following table:

Weight_ ib ..................
IX, slug-ft 2 .................
Iy or IZ, slug-ft 2 .............
c (movable weight displaced), deg ......
Ixy (movable weight displaced), slug-ft 2

- 0.76
IX

269

8.63

6.55

-3.35

0.122

Iy
- o.91

fX

287
8.82

8.05

-8.6

0.122

Iy
- 1.25

IX

329

9.33

ii.7

2.96

O. 122

The simulator consisted of a very rigidly constructed platform mounted on a 6-inch-

diameter spherical air bearing. The simulator could rotate approximately ±20 °

about the horizontal axes Y and Z and had unlimited freedom on the spin axis X .

Tests showed that the drag moment on the platform at 30 rpm was 0.04 foot-pound,

which caused an exponential decay in the spin angular velocity. For example_ the

rate would change from 30 rpm to 20 rpm in _-i minutes.spin
-2

A light sensor, mounted at the top of the slmulator_ measured the deflection

of the two-horizontal body axes from a vertical reference line generated by a

500-watt light mounted above the simulator and simulating the sun. Photoresistive

light cells were used in the light sensor to produce direct-current signals. These

signals were amplified in transistor amplifiers_ and the output was recorded and_

in some cases_ used in the control system. Two orthogonal miniature precision

rate gyros were mounted on the platform to measure rates of rotation of the body

axes perpendicular to the body axis of symmetry. The gyro spin momentum vectors

were pointed in the same direction as the platform spin momentum vector. This

arrangement eliminated the divergent moment that would occur on the gyros when

they were deflected. However_ this arrangement caused the sensitivity of the rate

gyros to be reduced by approximately i0 percent. The gyros had a maximum range of

i20 degrees per second and a hysteresis limit of 0.001 of full scale. Power for

the gyros was supplied by a solid-state inverter. The 400-cycle output signal of

each of the gyros was demodulated and amplified with transistor amplifiers, and
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the output was used )n the <<)h',,t-_J </<_<ur_. Thu <_utput was _'_L'Jo recorded _nd is

The c<mtroi wh<< _I T_ iL, double-j, imb<_[ mount is showT_ in fiL_ure 2 at the

front part of the simu]ntor in << deflected position. The gimbal positions were

controlled by perm_u_c_it-m,'_{7+u{_< direct-eu_Tent motors directly cormected to the

gimb,'{is. No Ke,_.rs were u.'_¢] in t_Le motor dl'i_e. A]_ _ncu]_r potentiometer was

lock,ted on each g[mb_L axis. ThL- _ensor _,_gnal_ w_re s_umncd with these gimbal-

angle signals to form the error-signal input to the gimb_l-servomotor power ampli-

fiers. These power amplifiers wer< hii3h-g_in urlits mith limited outputs. Records

of both the imler u,nd outer gimbal po,'_ition in response to step input signals

calling for lO ° gimbal deflections arc sho_¢n in f:igure _. It can be seen that the

response provide_ by the gimbal system is very f,'_st and we]] damped. The inner

gimbal reached a :_b<_,<_dydeE'ieetion Jn 0.05 second_ and the outer' g_mb_l_ in

O.15 second. The m_xJmtum s[ewir::_ _Pat_ <>[' th_ Lnue_' gimb_l wrts _J!)O de_zr'ees per

second_ sued ,;)£ the _:utuz _ @i_rib_{i; _7-?)0_]egr'_e_ per' second. Gimbai deJ'iection was

limited to 90 °.

The gains el' both the rate-_yro signals amd the light-sensor si_lals were

adjustable. The rate-gyro sig_als could be adjusted so that up to 12_° of gimbal

deflection per deg_'ee per second of the simu]ntor rotation rate on the Y- and Z-

_{xis would result. Variations in this ratio resulted in changes Ln the da,mping

o__ the controlled syst(_m. The_'e_'o_'e_ this r_:tio is c_lled the damping gain _ind

is expressed in the reduced ui-,i% of seconds. The ]ig2_t-sensor gains could be

\;_ried up to ]6 ° of gimba] dcfle{tt:lon per degree of simulator tilt.

'])he control-wheel rate o< _'oi,_tTon ;::ould be varied from 2_)00 rpm to

4,690 rpm. A tachometer fccdb,_ck _,_ign_]_ wns used to regulate the control-wheel

speed; which was held constant nt 5;_i0 rpm for "_]l tests reported in this paper.

The whe_] h_d an lnert[n of l.O_i T< 10-_ slu_<-/'tPo

The light-sensor and r':_,te-_zy_o sign:i] s were recorded on a four-channel pen
recorder mounted on the simul_tor.

In order to simulate the movement of an occup_¢_t of a manned space station;

two movable wei_hts were mount, ud <_u oppo',',_te sides c)__ the simulator. One weight

moved upward while the other moved downward so as to maintain static balance while

the dynamic balance was being changed. These weights_ weighing 2.$_ pounds each_

were located 16 inches from the center of the simulator and moved 6.25 inches par-

_llel to the s_mu]:_tor sy_mnetric_d axis when ;_ctivated_ or'eating a product of

]ne:r't_a of 0.122 slug-ft 2. The simulator was <<ynamically balanced so that the

principal _xes coincided with the body axes when the movable wei y,hts were in their

morainal initial position. When <_ctivated they would complete their movement in

approximately ]0 seconds. The location of the weights was such that when they

were displaced, a deflection of the irmer gimbal of the controller was required

in order to supply m torque to oppose the steady unbalance torque.

The spin-up mechanism_ _ich is the overhead arm with a small motor attached_

is shown in place in the photogrt_ph in figure 2. When the desired spin rate of

the simulator was established_ tlhe spin-up motor was disengaged from the simulator

and the overhead _m was swung out of the way_ leaving the simulator free to move.



Tile inert:k_ ratio of th< _imu]'Jt_:,_._ the _,.:_t;, < " Ti,, m(_,merLi <_i" inerti,:_ {;f the

two horizontal :_£es to the mc]:[i<}ni%}i' !n, _ L:': _ !' th<_ :J_]i_i'_x[f . _,,'f_,;ir'icd by

could be varied between the li_:i_;_ ,)f :) I-,_;r• {]]:}:, iv/[i .....: y{i ;_,nd ,_ i'<}<[_

Iy/l X : 1.25. These weir<his which %,emc '}<ifie:Iwc_'e :jrmm:_trfci flly ;:[l_i)c_ :_nA did

not change the dircction_; of the pr]_uci[._,] _;<<_ ,

RE=A,],.I.=) AN _ DISCU'S_.LLON

The results of to:An', made w]Dh the :::[l_]:_to_" }n the nu&_'-A]_..]; confJ{_4r;iDJon_

Iy/I X : 0.76_ _re shown in f]y_ -c !i. !n hes_ l<uns lhe m-vaD}e :,e]shts were JnJ-

•tially set in their displ,_ce<< ],_J:_{ti<x, ,_!_<:[" pr_,d<_'_(I _}_," cL'f<_:t <_i a step ch,_nge

_n product of inertia to bu _q)i>]iu{i L<, {h<: i [mu!si,<:i' when it w_i: r<i_,<cd _)_:,the

start of u, te:;t ru£. FJb_ure ]I(;#) [ h%J_,./', ; f,]J£ Y< <_]Lin6 respon_:c .u.]tl] t_le c'ontro]ler

in operation with '_ d<u_ipin6 {_]__in<)[" i _:c<;<,n4. Th{: rcsy<)ns< is _ d_a_:l)c<J.>_:<;i!}m-

tion in q and r with _, time i,_;hal]'-nmpLil:u<]c of _!._ (>r ") _;<<ond_'. q'hc qu_n-

titles m and n are bho respect.ire <m!_L_]/%_' dinpl-_cement.< of thu bo{<y :ixir, of

syrmmetry in the k_£ s,nd X7, i)]r&nu:: (':ore the" t';>:<<i m f_ rk_<tc' line estr_bllr;n,_d by

the simulated sun. Zn the/e _,sts, i_<)_',,tempD ,#r_, m t_dc to h_{ve th{ _.simulr_tor

pointing directly at the r<,i'erc-_,_,c ]IS}_I. ;_.t; the stk_.rt <)!L' r- run; L,he_"ef<.>re, m _nd

n contain _ cyclic v_ria%J:)n; with 8 f_'equsr_<:y c<,)rrc_'pond]_l{< to the spin rai,e_

superimposed on the vat:lateen due to t]k _obb]c mot i_)n The spin rate w,'_s

108 degrees per second (i_0 rpm) in t,h]._{test. Thks in tir_l di_pI:_<ement ['rom the

sun reference line %-_%riod ['rcm rkln %o 1"_0.

With the d_@ing g_in of ! second_ a_: ws_< used i_ the test shown _n :fi[_-

ure _(a), only small deElect[ons of tb._ <:,.__t,r<_i !<:_" yirHi.<.!:'_ wu_'o _'_lled for_ thus_

full utilization of the controller was not m&u[e. Thcr_d'o_'e_ sdd[tion_l tests were

made with gains of 5 seconds arJl _ ;;econds_ _nd tempi t0, of Dhcse tests are shown

the responses showed very rapid, deadbeat reAnctions to the steady-state values.

Similar tests, with damping sains of ], 5, _nd 12 seconds, were made with the

simulator in the ne'er-sphere <!onf'igura%Jon, Iy/l K : 0.91 _ and the results are

shown in figure _., test ......._c:_u _, £'<_" :_ nu_,r-ro] ;_',_i:'i_C,n"_t:ion_ Iy/l X : I_.2L:, %re

shown in figure 6. These tests _iso show th_<t vury 6cod _amping is provide£ by

the controller. Expected varl;_tions in the _;te_,dy-st,'_to v!_lues x,nd period of

oscillation occurred in those tests b<-<'a, use <_[ i.,11_ {q_miycs in ]nerti_ retie.

These factors will be _%iscusscd in dct:_ii J.n _± subs_quent sccti<_n.

The @draping ch;_racteri_-:ti<:_; of the _:ont,-olle_" _'e :;u_inar_zed a,nd compared

with c:_lcul_ted _s.iues in i']O-_'<._7. T h_ ,_,'u!:_ted v;_]ues were obt;dned by usJn_

the linear equations present_,:_l in _'cf'cr'<r_,:< i _._id by _lsin_-_ ]_c_'ti_, w:_lues _nd spin

r_tes that :_pply to the cxpc_'i.m,:nt: ] tc:;_ . The <"_[cui[ition_: were extr_polated up

to _ valme of Iy/I X of 2. All resl_It_ _'es<-_itcd i_ t'iIz_re "( :_'e for _ d_m_ping

gain of i second. Ve_w Need d&m6_ing i_, ]}_',,vid{:d R,r !I <:on]' i_ur_tb:ms test_-d_

even with the low control g_k:=n of [ _',(_t_<_i, (],:)<_d ::[_<<:<_m<_i_, <<,<]:<ts ix._twcen t,he

experiment::{l unL c<_iculated rc_:<_its _ _1% ] .iiii3 C_;_!'(_'{S]:[L_ILU t_isre[_ ,:kn'S'id_n<'e th:_b i,11o
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performance for a particular design can be adequately predicted with the equa-

tions of motion presented in reference I.

With control gains higher than i second the damping was improved. In addi-

tion to the increase in the damping, the advantage of using the higher gains was

a reduction in the steady-state velocity error. For the case of a spinning body,

such as the one of this investigation, the most graphic way of describing this

steady-state velocity error is to refer to it in terms of the angle of the cone

generated by the body axis of symmetry. The constant unbalanced torque created

by the constant dynamic unbalance, which was the disturbance used in these tests_

resulted in the vehicle body axis of symmetry moving so as to trace a cone after

the transient had been eliminated. With very low damping gain, the half-angle of

the cone was equal to the displacement of the principal axes from the body axes

corresponding to the dynamic unbalance, or product of inertia. A plot of the

steady-state cone half-angle as a function of damping gain for the nearly spher-

configuration (Iy/I X : 0.91) is shown in figure 8. The cone half-angle wasical

determined by the relationship

Cone half-angle = tan -I qr2 + q2

P

For this configuration the displacement of the principal axes from the body axes

corresponding to the product of inertia created by the movable weights was 8.6 ° .

With a damping gain of i second the steady-state cone half-angle was 5° , and with

a damping gain of 12 seconds it was i°. Therefore, if it is necessary to keep the

vehicle spinning on the body axis of symmetry while the mass distribution of the

vehicle may be changing, the precession-wheel controller provides a means for

accomplishing this end. The accuracy of the alinement is a function of the

dynamic unbalance, on one hand, and of the size and the damping gain of the con-

troller, on the other.

Several other minor points of agreement between the experimental and cal-

culated results that were noted will now be discussed. Some additional test runs

made with the near-dlsk configuration are shown in figure 9- Figure 9(a) shows

the response of the uncontrolled simulator when the simulator was initially spun

on the body axis of symmetry with the movable weights displaced. The calculated

wobble period for this configuration is 10.9 seconds, and the measured period of

i0 seconds checks very well. It was shown in reference i that the maximum value

of body angular rate qmax that would occur in this situation is related to the

displacement of the principal axes from the body axes and the spin rate by the
formula

qmax : P tan 2c

The angle c can be obtained by the formula

tan 2c -
-21Xy

IX - Iy



For the near-disk configuration with the movable weights displaced
(Ixy = 0.122 slug-ft2), the angle c was -3.35°. The calculated maximumvalue
of q, based on a measuredspin rate of 108 degrees per second, was 12.6 degrees
per second, and the measuredvalue was approximately 12 degrees per second.

Of interest is the variation in the response of the simulator in the near-
disk configuration with the movable weights displaced, but with the control wheel
spinning and with the gimbals locked in position. In this case the control wheel
addedno control, but added an increment of momentumto the simulator spin momen-
tum and effectively increased the spin momentof inertia IX of the simulator.
This change in IX reduced the calculated wobble period of 9.35 seconds_ and the
calculated maximumvalue for q was i0 degrees per second. The measured results
showthat these trends were followed in the experiments. (See fig. 9(b).) The
measuredwobble period was 8. 7 seconds, and the measuredmaximumvalue of q was
approximately i0 degrees per second.

Figure 9(c) showsa time history of simulator response to a programed series
of events. In these tests the simulator principal axes were initially alined with
the body axes, and the simulator started spinning on the symmetrical axis. The
control-wheel spin rate was established before the start of the run at 4,650 rpm.
A few seconds after the start of the run the movable weights were moved, and a
change in Ixy from 0 to 0.122 slug-ft 2 resulted. The movementof the weights
required approximately i0 seconds. Oneminute after the weights movedthe con-
trol wheel was uncaged and set operating. The damping gain was 12 seconds. The
result of this ramp change in the product of inertia in this test as contrasted
to the step change in disturbance used in tests shownin figure 9(a) was a smaller
variation in the measuredparameters q, r, m, and n. Whenthe gimbals were
uncaged, the wobble was quickly eliminated.

Similar tests at an inertia ratio of 0.91 are shownin figure i0. The cal-
culated period of the wobble motion for the uncontrolled test was 33.4 seconds,
and the measuredperiod was 29 seconds. Since the recorded variation in q went
off the recorder scale in this run, it is more convenient to comparecalculated
and measuredvalues of r. The displacement of the principal axes was -8.6 ° in
this case, and the calculated maximumvalue of r was 16 degrees per second,
which can be comparedto the measuredvalue of approximately 12 degrees per sec-
ond. The effect of having the wheel spinning_ but caged, was again a reduction
in the amplitudes of q and r (fig. lO(b)), and the effect of having the
weights movewith a rampvariation was a further reduction in the amplitudes of
q and r (fig. 10(c)).

Tests at an inertia ratio of 1.25 (fig. ii) gave positive values of q, which
is in agreementwith the results given in reference i. (For the previous tests,
q wasnegative.) The calculated period was 22.5 seconds whereas the measured
value was 20 seconds. The displacement of the principal axis was 2.96° in this
case. The calculated maximumvalue of q was 11.4 degrees per second, and the
measuredvalue was approximately i0 degrees per second.

The addition of the spinning control wheel with the gimbals caged caused an
increase in the period of the wobble motion in these tests on the rod-shaped



coni'iLu_r_tion. As anticipated_ this increase is opposite to the effect noted for
[he disk. The a_]_tudes of q and r are increased, also, and the further
effect of the rampchange in the massdistribution was a reduction in the ampli-
tude_ of q and r. The two effects cancelled each other in these tests.

It was suggested in reference I that the addition of the light-sensor signals
to the control system would result in a convergence of the X body axis towards
the reference direction as established by the reference light. However, it is now
realized that this theory is incorrect. The addition of the light-sensor signals
reduces an initial attitude error due to a misalinement of the momentumvector of
the vehiclej but does not bring about a convergencetowards the reference line.
Thi_ reduction is brought about because the light-sensor signals cause the
control-wheel momentumvector to turn away from the reference, which in turn
causes the vehicle momentumvector to turn towards the reference line. The vector
sumof the two momentumvectors is therefore unchangedwith respect to inertial
space. Figure 12 showsan example of the attitude correction in which the simu-
lator was started spinning with a displacement of the X body axis from the ref-
erence line of approximately 3o as is indicated by the _mplitude of the varia-
tion in m and n at the spin frequency. There was somewobble motion present
initially, and the controller was initially caged in this test. Whenthe con-
troller was uncaged, the wobble motion was eliminated, and the simulator momentum-
vec[.or displacement was reduced to approximately 2° . The dampinggain was 12 sec-
onds and the light-sensor gain was 16 in this test.

CONCLUDINGREMARKS

Tests madeon an automatic precession-wheel damping controller for a spinning
vehicle indicate that the controller provides very good wobble damping. The con-
troller also keeps the vehicle spinning on its body axis of symmetryin the pres-
ence of a shift in the principal axes. Somecorrection to an initial misaline-
ment of the vehicle momentumvector from an inertial reference line is also
possible with the controller.

The good agreement between calculated and measureddampingperformance indi-
cates that linear equations of motion can be used to predict the performance of
such a control system.

Langley Research Center,
National Aeronautics and SpaceAdministration,

l_ngley Station, Hampton,Va., September4, 1962.
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15



B

_.. a __
0 l-

> "G CO

"a.

C
12I
I

0
c-

q)
C
o

.I-"
J

J

O0

C_
C
Cl
I

4--C_

-6oa
_IZ "qO

C
o

0

0

0

U'J

O'D

°_

0

C

QL

E
o
a

C_
i

0

IJ

H

O
q_

"rH

hO

c_

+_

©

b2)

c_
I

e_

©

0
©

©

4_
c_

4_

!

©

_q

0

0
-r-t

c_
°H
_q
cJ

I

od
©
%

16



<:
,i

<

4

(

{
<

{
d

I I

C

i _ I

J

4

<
>

! _L
7- 0 .1-

I

7

I
,1

I I

P

1, 1
o

i

>
©

L

1 I

(
(
(

(

,|

(

B
i ,I <_

0

]o

i

,_0

I

i
J

",o

i

I Io

?

0

1

I t I .
oD 0 cO ©

!

@ @

l

____L
0

!

©

0

0

P_

%"

,A

11

M

d H
o _
bD m

_)

c3 %
_ O

,H

O
.ct
_ o
r_ r_

%

4
.H

d
Q

0

0
0

]-'Z



18

(

I I I I

I I i L I

J

| i ! !

! i

P
i _ I I I

!

_d

q_

{

1 i I I I

. <

' I I I I

I I

}

I I

i I I LI__
0 CO ,-0 \0 cO 0

I

0

m m

I I
co D

?

$

?

2

o
ur-_

2

8

o

o

$

o

2

o

©

b_
0

A

11

X
H

H

d

m %
r--t O
_ +_

r-t
.H

°r--I

•H O

m O

,-'-t r.a

_ ,
.-. 8

@
%

.H

0

+_

0
0



(

)

I I I

2

Iq l l,, i

,.>

_off_, 0
I

'd

_>

o_
0

1 , 1

CO 0 cO
I

0

_d

1o
I

.to

I0_',.0

/ ,

I

)
.o

( -_
I l o

I

,, t_

|

Z o ._
I

( .o
I i JO

\
\ '
/ o

"x

OcI_0 c?

b.S

©

b9
0

,--t

II

a

H

b9 +_

o
+_

bll
.r-t

•r--I 0

• r--t _

_ o

_ ,
_ ,-4

.rl
r_

_d
o

o

4-_

0

19



n,

deg

m_

deg
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Figure 12.- Response of simulator with both rate-gyro and light-sensor
signals used for command.
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